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This PDF file includes:
Section S1. Out-of-plane XRD diffraction pattern of the multilayer films Section S2. Sample geometry and preparation process after film deposition Section S3. Steady-state currents of multilayer films during in situ SSPM at 500°C Section S4. Oxygen vacancy concentration calculation Section S5. Oxygen vacancy concentrations of reference samples Section S6. Temperature profile during cooling process Section S7. In situ SSPM on YSZ/Nb:STO and STO/Nb:STO control samples Section S1. Out-of-plane XRD diffraction pattern of the multilayer films The -2 XRD pattern confirms that only STO and YSZ phases formed on the Nb:STO substrate.
The high intensity of STO (00l), YSZ(00l) peaks indicates that the STO and YSZ layers orient preferentially in the (00l) direction, with the (101) and (111) orientations also present. Due to the large lattice mismatch (~7%) between YSZ and STO, we expect that the strain would be relaxed through the formation of misfit dislocations within YSZ and STO films of such considerable thickness (11), resulting in a loss of structural coherency. The multilayer film is grown on a 5 mm x 5 mm substrate, as shown in fig. S2 (A). To effectively eliminate or greatly minimize the effects of lateral diffusion, the sample is first cut lengthwise (2.5 mm x 5 mm; fig. S2 (B)) then cut again and polished to create a quartered section of the original deposited structure ( fig. S2(C) ). This cut-polish sequence enables us to access the center portion of the deposited film and reduces any effect of lateral diffusion, as demonstrated in fig. S2 (D). The surface potential measurements are performed about halfway along the y-z plane of the quartered section (left face of fig. S2 (C); white X circle fig. S2d ; fig. S2 (E)), meaning oxygen would have to migrate roughly 1 mm laterally (y-axis) to the scanning area. However, oxygen only needs to migrate through the films 2 m in the film thickness (z-axis). This would necessitate in-plane diffusion to occur at a rate approximately 500 times that of the out-of-plane diffusion.
Section S3. Steady-state currents of multilayer films during in situ SSPM at 500°C
Since STO and YSZ films are highly insulating at room temperature, currents detected from the multilayer sample under 0 -3 V biases were negligible. When SSPM measurements performed at 500 °C in situ under biases, each measurement required waiting for 5-10 minutes until the steadystate current value achieved after changing the bias. And the currents are stable during the measurement, which is reflected on the current vs. biases plot ( fig. S3 ) by the small standard deviation. Where ϕ tip and ϕ sample are the work function of the tip and sample. Since the absolute tip work function is unknown, we used the 0.05 wt% Nb-doped STO substrate as the reference point. Assuming Nb is the dominant dopant within the as-received 0.05 wt% Nb-doped STO (Nb:STO), its charge carrier density as well as work function ϕ ref could be estimated. Therefore, by comparing the V CPD measured by SSPM between the multilayered films sample and the reference, the sample work function at measured point is defined as
Based on the definition of work function, ϕ sample could also be expressed as (S3) where  is the electron affinity of the oxide while E C and E F are energy level of conduction band and Fermi-level respectively. By utilizing the value of (E C -E F ) derived from ϕ sample , an estimate of the sample charge carrier density n becomes (001) substrates were prepared in the same sample geometry as multilayer sample. SSPM were performed at the polished cross-section surfaces and oxygen vacancy concentration were estimated based on the CPD results and tip calibration. Figure S4 demonstrated the results of SSPM measurement on the as received 0.05 wt% Nbdoped STO substrate, 0.05 wt% Nb-doped STO substrate treated with the same thermal budget as the multilayer oxide films and as-received intrinsic STO substrate. While using the V CPD of the as received 0.05 wt% Nb-doped STO substrate ( fig. S4(A) ) as a reference, the calculated oxygen vacancy concentration at cross-section of intrinsic STO substrate is 5.46 x 10 15 cm -3
. And in terms of the thermal treated Nb:STO substrate, the V CPD value is almost identical to the Nb:STO as received sample, indicating that the thermal treatment itself barely changed the oxygen vacancy concentration. The temperature upon cooling after PLD deposition was measured using a thermocouple inserted to the heater block. The absolute substrate surface temperature is slightly lower than the block temperature ~ 10 -20C depending the block temp.
As the oxygen incorporation reaction freezes-in below 750 K (striped region), oxygen can only incorporate into the sample for about 5 minutes (magenta). As a result, the re-oxidation process stopped at ~ 7 μm below the substrate's top surface.
Section S7. In situ SSPM on YSZ/Nb:STO and STO/Nb:STO control samples
To verify the role of the YSZ and STO films play in inducing the large oxygen vacancy depletion region, we introduced two control samples: 1) 1 μm YSZ film deposited on Nb:STO substrate under 1 mTorr oxygen partial pressure. 2) 1 μm STO film deposited on Nb:STO substrate under 10 mTorr oxygen partial pressure. 3) 500 nm YSZ film deposited on Nb:STO substrate under 10 mTorr oxygen partial pressure. As shown in fig. S5(A) , large potential perturbation (~5 μm) exist in Nb:STO/YSZ film. This potential perturbation, as mentioned in the main context, caused by PLD induced strong reduction of the Nb:STO substrate followed by oxygen incorporation from ambient and recombination with oxygen vacancy at interface of Nb:STO/YSZ during cooling process. As a comparison, in fig. S5(B) , a flat potential profile was measured across Nb:STO/STO interface. And fig. S5(C) , which demonstrates a similar potential perturbation as fig. S5(A) while the YSZ films was deposited under 10 mTorr oxygen partial pressure as STO deposition atmosphere, further excludes the possible contribution from the different deposition atmosphere between STO and YSZ films. As a result, we concluded that YSZ is essential for oxygen incorporation from the ambient atmosphere during cooling process. 
